The Effect of Radical Trap Moieties on Electron Capture Dissociation Spectra of Substance P  by Belyayev, Marina A. et al.
The Effect of Radical Trap Moieties
on Electron Capture Dissociation Spectra
of Substance P
Marina A. Belyayev and Jason J. Cournoyer
Department of Chemistry, Boston University, Boston, Massachusetts, USA
Cheng Lin and Peter B. O’Connor
Mass Spectrometry Resource, Department of Biochemistry, Boston University School of Medicine, Boston,
Massachusetts, USA
To further test the hypothesis that electron capture dissociation (ECD) involves long-lived
radical intermediates and radical migration occurs within these intermediates before fragmen-
tation, radical trap moieties were attached to peptides with the assumption that they would
reduce fragmentation by decreasing the mobility of the radical. Coumarin labels were chosen
for the radical traps, and unlabeled, singly-labeled, and doubly-labeled Substance P were
analyzed by ECD. The results demonstrated a correlation between the number and position of
tags on the peptide and the intensity of side-chain cleavages observed, as well as an inverse
correlation between the number of tags on the peptide and the intensity of backbone cleavages.
Addition of radical traps to the peptide inhibits backbone cleavages, suggesting that either
radical mobility is required for these cleavages, or new noncovalent interactions prevent
separation of backbone cleavage fragments. The enhancement of side-chain cleavages and the
observation of new side-chain cleavages associated with aromatic groups suggest that the
gas-phase conformation of this peptide is substantially distorted from untagged Substance P
and involves previously unobserved interactions between the coumarin tags and the phenyl-
alanine residues. Furthermore, the use of a double resonance (DR)-ECD experiment showed
that these side-chain losses are all products of long-lived radical intermediate species, which
suggests that steric hindrance prevents the coumarin-localized radical from interacting with
the backbone while simultaneously increasing the radical rearrangements with the side
chains. (J Am Soc Mass Spectrom 2006, 17, 1428–1436) © 2006 American Society for Mass
SpectrometryElectron capture dissociation (ECD), a relativelynew tandem mass spectrometry fragmentationtechnique, plays a useful role in protein se-
quencing and identification/localization of post-
translational modifications due to the backbone-
directed nature of the cleavages generated. ECD
targets NOC bonds [1, 2] and disulfide bonds, [3],
but preserves post-translational modifications [4]
such as phosphorylation [5, 6] and glycosylation [7,
8]. ECD is capable of discriminating between con-
formers and, thus, allows for direct observation and
analysis of intermediate and unfolded states [9 –11].
ECD also provides complementary data to collision
activated dissociation (CAD) [3].
ECD involves reactions between multiply charged
peptide ions and low-energy electrons [1, 3], which
result in rapid backbone fragmentation and in the
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doi:10.1016/j.jasms.2006.06.008creation of radicals that further propagate intramolecu-
larly and induce numerous cleavages throughout the
peptide [12]. Generally, ECD results in three types of
cleavages: backbone, side-chain groups, and small mol-
ecule losses. Although backbone cleavages N-terminus
to proline have never been reported [13], one of the
most important characteristics of ECD is its relative
non-specificity [3]. In spite of its clear utility, the mech-
anism of ECD is still under vigorous debate [2, 9, 12,
14 –18].
Currently, it is believed that the primary mechanism of
ECD involves nonergodic backbone cleavage at N-C
bonds to produce c/z ions. Alternatively, Syrstad et al.
proposed the formation of a superbase, which then ab-
stracts a sterically proximate proton from a hypervalent
amide group as the primary fragmentation mechanism
[14, 16, 19], and they were able to develop full reaction
coordinate energetic diagrams with transition-state barri-
ers and the thermodynamic energies in a small system
using ab initio calculations, which showed that the radical
intermediate was stabilized by the presence of nearby
positive charges. However, H· transfer, whether direct or
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fragments. A secondary mechanism that involves radical
propagation along the peptide backbone via a cascade
reaction was proposed to explain secondary backbone
fragments that were observed with cyclic peptides [12].
Secondary fragmentation pathways have recently been
shown to take place over a range of time scales [20]. For
example, cyclosporine-A secondary fragments formed
faster than 100 s but some gramicidin-S secondary frag-
ments formed after 1 ms [20].
The radical cascade mechanism requires a mobile
radical to be present in a long-lived radical intermedi-
ate, which is supported by H/D scrambling observa-
tions [17]. To further test this mechanism, a coumarin
radical trap was synthetically attached to Substance P. If
a long-lived radical is involved in the fragmentation, a
radical trap should suppress fragmentation. A tag use-
ful for mass spectrometry analysis should label the
desired peptide quickly and reproducibly with high
reaction yields and minimal side reactions, and should
be stable under analytical conditions for analysis by
Fourier transform mass spectrometer (FTMS) and un-
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Figure 1. (a) ECD spectrum of Substance P; (b
P; (c) ECD spectrum of singly-Coumarinated Su
of singly-Coumarinated Substance P on the N
harmonics in the spectra.der the conditions necessary for separation and purifi-cation [21]. A coumarin based tag was chosen due to its
conjugated structure and simple reaction mechanism
with the peptide Substance P utilizing N-hydroxy suc-
cinimide (NHS) ester chemistry, which tags the peptide
at the N-terminus and the amine group of the lysine
side chain. The fragmentation patterns of singly-tagged
Substance P were studied for both labeling sites (sepa-
rated by HPLC). Double resonance (DR)-experiments
were used with ECD to determine which fragments
were derived from long-lived intermediates and, hence,
to suggest possible conformations of the peptide during
cleavage.
Methods
All chemicals were purchased from Sigma (St. Louis,
MO). The coumarin tag (7-methoxycoumarin-3-carbox-
ylic acid succinimidyl ester, product number M1410,
Invitrogen, Carlsbad, CA) was a kind gift from Anna
Pashkova and Barry Karger from Northeastern Univer-
sity. A stock solution (104 M) of Substance P was made
from the peptide. To tag the peptide, 2 L of 1 M
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tag was dissolved in 100 L DMF, and 5 L of the
freshly prepared tag solution was added to 12 L of the
peptide solution. The reaction was carried out with
room temperature at constant stirring for 40 min.
All ECD experiments were performed on a home-
built FTMS described previously [22, 23]. The peptides
were electrosprayed in 50:50 MeOH/water solution
with 1% formic acid at 106 M, and precursor ions
were isolated using the front-end quadrupole (Q1). The
ions transmitted into the cell were trapped using gated-
trapping, and were then irradiated with low-energy
(0.3 eV) electrons for 100 to 200 ms. A conventional
FTMS excitation/detection sequence averaging 20 scans
was used to detect fragment ions. During DR-ECD data
acquisition, the charge reduced species were ejected
from the cell by applying a single frequency excitation
with an amplitude of 40 V during the electron irradia-
tion period.
Separation of the N-terminus and lysine tagged
Substance P was performed by reversed-phase HPLC
(solvent module 125 with detector module 166, Beck-
man Coulter, Fullerton, CA) equipped with a 20 L
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Figure 2. (a) Cleavage patterns of Substance
Substance P; (c) Cleavage patterns of singly-Cou
Cleavage patterns of singly-Coumarinated Subsinjection loop and 4.6  250 mm C18 column (Vydak,Hesperia, CA). Mobile phase A consisted of 5:95 aceto-
nitrile/water with 0.05% trifluoroacetic acid (TFA) and
mobile phase B consisted of 80:20 acetonitrile/water
with 0.035% TFA. A gradient of 0 to 40% B in 60 min
was used to separate the two species of tag. Fractions
were dried using a Speedvac with refrigerated vapor
trap (Savant RVT 4104, Thermo Electron Corp., Milford,
MA) several times in water to remove TFA for FTMS
analysis.
Results and Discussion
Figure 1 depicts the ECD spectra of the untagged
peptide (Figure 1a), the singly-tagged peptides (Figure
1b and c), and the doubly-tagged peptide (Figure 1d)
(insets: the superscript “t” indicates the tag position).
The cleavages observed in these four spectra are also
plotted in Figure 2. Figure 1a shows a typical Substance
P ECD spectrum. The spectrum yields seven out of
eight possible backbone cleavages; the proline NOC
cleavage cannot be observed [13]. These cleavages are
primarily c-type ions (attributable to the N-terminal
charge), but a tiny peak corresponding to the z9 ion
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stance P (Figure 1b) and N-terminus tagged Substance P
(Figure 1c). Lysine-tagged Substance P produces six
backbone c-type cleavages and one a-type cleavage, but
the N-terminus-tagged peptide generates only four c-
type ions. In both spectra, these backbone cleavages are
reduced in intensity compared with the unlabeled pep-
tide (Figure 1a). Figure 1d shows the ECD spectrum of
the doubly tagged Substance P. This spectrum shows
very few backbone cleavages at even more diminished
intensities, and side-chain cleavages at higher intensi-
ties. For Figure 1b, c, and d, the side-chain cleavages
usually involve multiple losses of various groups,
which are summarized in the plots in Figure 2 and
tabulated in Supplementary Material section tables
(which can be found in the electronic version of this
article). Figure 3 expands the side-chain cleavage re-
gions from Figure 1.
Figure 4 shows the results from a DR-ECD experi-
ment on the tagged Substance P in which the charge
reduced molecular ion [M  2H]· is continuously
ejected from the ICR cell during the ECD experiment
[20]. Figure 4a shows the ECD spectrum of the singly-
tagged Substance P. Figure 4b shows the DR-ECD
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Figure 2.experiment of the singly-tagged species from Figure 4awith the resonant ejection applied at m/z 1550, which is
the m/z of the charge reduced molecular ion. In this
case, the two variants of the singly-tagged species are
not separated, so this is the ECD spectrum of the
mixture of the N-terminally tagged and lysine tagged
species. Figure 4c shows the ECD spectrum and Figure
4d shows the DR-ECD spectrum, of the doubly tagged
Substance P. In both DR-ECD experiments, the peaks
resulting from side-chain cleavages are dramatically
reduced in intensity. In Figure 4b, the fragment ions
resulting from backbone cleavages c5 to c10 experience,
for the most part, minimal abundance changes, but c4 is
eliminated from the spectrum. In Figure 4d, the side-
chain loss peaks around m/z 1500 are completely elim-
inated with double resonance.
The addition of the coumarin tag, which contains a
large sp2 conjugated system, resulted in dramatic re-
duction in backbone fragments. The intensities of the
backbone cleavage peaks are diminished in spectra of
singly-tagged and doubly tagged species. The coumarin
tag’s delocalized electronic structure serves as a radical
trap by providing sites where a radical can be resonance
stabilized. The lower intensities of backbone fragment
peaks can be attributed to the electron capture in the
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jugated system such as the coumarin tag usually in-
volves more closely-spaced energy levels compared
with a sp3 hybridized system. Thus, internal conversion
that requires resonant interaction of two states, from the
Rydberg state to a low lying electronic state within the
coumarin tag is highly probable, which may account for
the electron landing in the local energy minimum of the
tag rather than at the charge sites. The resonance
stabilization of the coumarin tag provides a local poten-
tial minimum, which stabilizes the electron and thus
retains it at the coumarin site.
In singly-tagged Substance P, with the tag residing
either on the N-terminus or the side chain of the lysine
residue, the side-chain cleavages included fragments
from arginine, lysine, glutamine, methionine, leucine,
and phenylalanine. In particular, the C6H5· neutral loss,
previously unreported, was observed from the lysine
tagged species. The sidechain fragmentation mecha-
nisms of arginine, lysine, glutamine, and methionine
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N-terminus.are discussed by Cooper et al. [24] and that of leucine byKjeldsen et al. [25]. The proposed mechanism of frag-
mentation of the phenylalanine side chain is under
speculation however, the -bonded structure of the tag
offers an intriguing possibility. The conjugated systems
of the tag and the two phenylalanine side chains have
the potential to undergo -stacking interactions (and
would be expected to do so in solution phase). -Stack-
ing of the coumarin moiety and the phenylalanine side
chains could enable radical transfer onto the phenylal-
anine side chain (Figure 5), to result in the loss of a
phenyl radical group. However, the low abundance of
the fragment resulting from this loss suggests that-stack-
ing in the gas phase is not a strong interaction.
Other small molecule losses from both singly-tagged
peptides included carbon monoxide and ammonia
losses, both of which have been previously reported
and mechanisms for their losses discussed [24, 26, 27].
Finally, the singly-tagged peptides contained losses of
the tag as well as a tag fragment. The mixture of
singly-tagged Substance P was separated via HPLC and
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lysine and N-terminus tagged peptides, losses of the tag
attached to parts of the lysine side chain present in one
spectrum and the lack of such losses in the other
spectrum served as indicators to distinguish between
the two species. CAD was also used to confirm this
assignment (data not shown).
The doubly-tagged Substance P, with coumarin
groups attached at both the N-terminus and the lysine
side chain, produced fragments from the side chains of
arginine, glutamine, lysine, and methionine. Small mol-
ecule losses from the doubly tagged peptide included
loss of COO from a tag as well as the loss of a tag
fragment and one or both tags, as previously described.
The significant reduction of backbone cleavages ap-
parent with the sequential addition of radical traps to
Substance P strongly correlates with the concept that
the radical is involved in secondary cleavages, as pre-
viously suggested [12]. It is proposed that the coumarin
tag uses its highly conjugated system to act as a radical
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harmonics in the spectra.trap and captures the radical, decreasing the radical’sprobability of interacting with the backbone carbonyl.
Thus, radical trapping results in stabilization of the
backbone carbonyls and the backbone cleavages are
significantly reduced. At the same time, the conjugated
system of the coumarin tag is able to freely rotate on the
single bond connecting it to the rest of the peptide. As
it bends, the amino acid side-chain groups are sterically
more accessible to the radical residing on the tag,
creating possible pathways of radical reactions on the
side chains of the amino acids and, over time, inducing
cleavages in the side chains.
Additional evidence of a radical cascade mechanism
can be derived from the results of DR-ECD of native
Substance P (not shown) and the singly- and doubly-
labeled peptides (Figure 4). T h e singly-labeled Sub-
stance P used for DR-ECD consisted of a mixture of
lysine and N-terminus tagged Substance P. The spec-
tra of singly-tagged Substance P show that most back-
bone cleavages were not affected by the resonant ejec-
tion, while the side-chain cleavages were substantially
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duced molecular ion indicates that these side-chain
cleavages are generated on a time period greater than
the time it takes to excite the intermediate to 1/2 the
cell radius—typically on the order of 100 s.
The numerous observed fragments indicate that the
secondary fragments observed in ECD involve radical
propagation [12]. However, the exact mechanism of
cleavage is complicated by the juxtaposition of decreas-
ing intensities of backbone cleavages with increasing
intensities of side-chain cleavages (Figure 3). If the
secondary mechanism involved only radical propaga-
tion, then the amounts of all cleavages would be ex-
pected to decrease in the presence of a radical trap.
Thus, the increase in abundance of slow side-chain
cleavages indicate the presence of another relevant
mechanism. The ability of the coumarin tag groups to
participate in -stacking suggests that the flexibility of
the tag is important, enabling the radical to interact
with amino acid side chains and causing radical in-
duced cleavage at these locations. Hence, the most
likely mechanism of ECD involves two stages: after
initial electron capture in a high Rydberg state, the
electron, as it slowly drops down the potential well onto
the peptide, undergoes internal conversion to a local
potential minimum, which is a vibrationally excited,
low-lying electronic state. When this local minimum is
on the carbonyl, as in the unmodified Substance P, the
traditional rapid ECD c/z-type cleavages are generated
via  cleavage, but for the coumarin tagged peptides,
the local minimum is a stabilized radical on the distrib-
uted  system, which prevents rapid cleavages. As this
peptide then slowly explores the conformational space
available, the radical interacts with the side chains
enabling further odd-electron rearrangements. In this
model, secondary backbone cleavages, while possible,
are prevented sterically.
It is interesting to note that the observed loss of
backbone fragmentation with the addition of sp2 hy-
bridized “radical trap” moieties is not dissimilar to the
loss of fragmentation near the heme group in cyto-
chrome c [18]. In the latter case, it is unclear if the heme
is acting as a radical trap or if the iron is changing
oxidation state, but the two observations may be
related.
Conclusions
The use of unlabelled, singly-labeled, and doubly-
labeled Substance P provided an opportunity to study
the mechanisms involved in fragment formation under
ECD conditions. The addition of the tags served to trap
the radical and resulted in decreased abundance of
backbone cleavages. It also increased the abundance of
side-chain cleavages, which were shown to be derived
from a long-lived radical intermediate with the same
m/z as the charge reduced molecular ion. The enhanced
presence of side-chain cleavages in tagged peptides
indicated that the addition of the coumarin tags notonly prevents backbone cleavages, but redirects the
radical to the side chains, presumably by changing the
gas-phase conformation of the peptide. This conforma-
tional change is also supported by the observation of a
previously unreported loss of a phenyl radical, C6H5·,
which is speculated to be formed from a conformation
in which the coumarin sp2 system interacts with the two
phenylalanine side chains via -stacking in the gas
phase. The implications of these results are intriguing.
They may be useful in deducing the mechanism of
cleavages in naturally occurring peptides, and could
better explain under what conditions and at which
locations peptides are likely to be cleaved.
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